ABSTRACT Intravenous endotoxin has been shown to trigger a delayed pulmonary hypertensive response that varies widely in magnitude and duration among individual broilers. It was proposed that this individual variability may reflect immunological differences acquired during previous respiratory challenges that might have subsequently altered the endotoxin-initiated biochemical cascade. In Experiment 1, we tested the hypothesis that, when compared with broilers reared in clean stainless steel cages (Cage group), broilers reared on floor litter (Floor group) should experience a greater respiratory challenge and therefore may consistently exhibit a more enhanced pulmonary hypertensive response to intravenous endotoxin. Birds in the Cage group were grown in stainless steel cages at a low density (72 birds/8 m 2 chamber), and fecal and dander materials were removed daily. Birds in the Floor group were reared on woodshavings litter at a higher density (110 birds/8 m 2 chamber). Pulmonary and systemic mean arterial pressures and blood-gas values were evaluated prior to and following the intravenous administration of 1 mg Salmonella
INTRODUCTION
Previous studies in broilers demonstrated that i.v. injections of endotoxin trigger pulmonary vasoconstriction and pulmonary hypertension within 15 min of injection. The magnitude and duration of the pulmonary hypertensive response varied widely among individual birds raised together in the same environmental chamber Wang et al., 2002) . It was proposed that the variability in the pulmonary hypertensive response to endotoxin might reflect acquired immunological differences due to previous respiratory challenges or intrapulmonary inflammation that subsequently altered the endotoxin-initiated inflammatory cascade. Alterna-2002 Poultry Science Association, Inc. Received for publication May 6, 2002 . Accepted for publication June 18, 2002. 1 To whom correspondence should be addressed: wxw03@mail. uark.edu.
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typhimurium endotoxin. Broilers in the Floor and Cage groups exhibited pulmonary hypertensive responses to endotoxin that were very similar in terms of time of onset, duration, and magnitude, as well as variability in the response among individuals. Systemic hypotension also developed similarly in both groups following endotoxin injection. Blood-gas values indicated that the partial pressure of CO 2 and the HCO 3 − concentration in arterial blood were higher (P < 0.05) in the Floor group than in the Cage group prior to and subsequent to the endotoxin injection. In Experiment 2, we reevaluated the effect of a dirty vs. a clean environment on blood-gas values using a different strain of broilers, and confirmed the negative impact of floor rearing on blood-gas values. We conclude that broilers reared on the floor inhaled litter dust and noxious fumes, which impaired pulmonary gas exchange and increased the arterial partial pressure of CO 2 when compared with broilers reared in clean stainless steel cages. Nevertheless, the pulmonary hypertensive response to endotoxin did not differ between broilers reared on the floor and those in cages.
tively, this variability might reflect inherent differences related to the variable susceptibility of individual broilers to pulmonary hypertension syndrome (PHS, ascites) . PHS in broilers is characterized by an elevated pulmonary vascular resistance and pulmonary hypertension, accompanied by hypoxemia, systemic arterial hypotension, and hypertrophy of the right ventricle. The terminal symptoms of the syndrome include right-sided congestive heart failure, central venous congestion, and hepatic cirrhosis and ascites (Wideman, 2000 (Wideman, , 2001 . Birds susceptible to PHS have a pulmonary vasculature that is inadequate to accommodate increases in cardiac output at a normal pulmonary arterial pressure (Wideman, 2000 (Wideman, , 2001 French, 1999, 2000) . An unidentified genetic component has been implicated as being largely responsible for the susceptibility of broilers to PHS (Wideman, 2000 (Wideman, , 2001 . Various factors that contribute to pulmonary vasoconstriction, reduction in vascular capacity, or increase in cardiac output are capable of triggering the development of PHS in susceptible broilers. Those triggering factors include respiratory diseases (Julian and Goryo, 1990; Tottori et al., 1997; Yamaguchi et al., 2000) , and possibly dirty environment in poultry houses (Bottje et al., 1998) .
Studies on air hygiene in different types of broiler houses indicated that respirable dust concentrations and numbers of airborne microorganisms were higher in houses in which floor litter was used than in nettingfloored houses. Birds reared on litter also had a higher incidence of lung damage than those reared on netting (Madelin and Wathes, 1989) . Airborne endotoxin has been detected in organic dust, and its amount was positively related to the amount of the dust in poultry houses (Zucker and Muller, 2000) . However, it is not clear whether environmental dust particles and microorganisms can predispose broilers to PHS by affecting pulmonary artery pressure and blood-gas values. And it has not been documented how a dirty environment might impact the immune function of the lung regarding its response to endotoxin, i.e., whether the lungs of birds raised in a dirty environment are immunologically sensitized and will exhibit an enhanced pulmonary hypertensive response to subsequent intravenous endotoxin when compared with birds reared in a clean environment. In the current study we tested the hypothesis that, when compared with broilers reared in clean stainless steel cages (the Cage group), broilers reared on floor litter (the Floor group) should experience a greater respiratory challenge and therefore may consistently exhibit a more enhanced pulmonary hypertensive response to intravenous endotoxin. In addition, arterial blood-gas values were examined in both groups before and after endotoxin administration. A second experiment was conducted using a different strain of broilers to confirm the observed differences in blood-gas values between birds raised on the floor vs. those raised in clean cages.
MATERIALS AND METHODS

Experiment 1
Male broilers from a commercial hatchery 2 were transported on the day of hatch (Day 1; 5/17/01) = 70) were placed in a 12-cage stainless steel battery (three levels of four cages, cup-type automatic waterers and trough feeders) in the adjacent chamber. Absorbent paper was placed under the wire of the cage floor to collect feces, down and dander materials, and the paper was changed daily. Each cage was 60 cm long × 60 cm wide × 40 cm high (3600 cm 2 floor space) and housed six birds. Chicks in both chambers were brooded at 33 C on Days 1 to 5, 29 C on Day 6 to 10, 27 C on Days 11 to 17, and 21 C thereafter. Both chambers shared the same ventilation system, and the ventilation rate was equal for both groups (100 CFM per chamber). Water and a corn-soybean meal broiler ration (22.7% CP, 3,059 kcal ME/kg) formulated to meet or exceed the minimum NRC (1994) standards for all ingredients were provided ad libitum. The lights were on for 24 h/d through Day 5, and for 23 h/d thereafter.
At 29-to 35-d of age, 11 birds (1,565 ± 63 g; mean ± SE) from the Floor group and 11 birds (1,396 ± 40 g; mean ± SE) from the Cage group were randomly taken in alternating order to be prepared for surgery. The surgical protocols were described previously (Wideman et al., 1996 (Wideman et al., , 1998 (Wideman et al., , 1999a Wang et al., 2002) . Briefly, a surgical plane of anesthesia was induced with intramuscular injections of allobarbital (5,5-diallyl-barbituric acid; 3 25 mg/ kg BW) and ketamine HCl 3 (40 mg/kg BW). The birds were restrained in dorsal recumbency on a surgical board thermostatically regulated to maintain a surface temperature of 30 C. An incision was made to open the thoracic inlet, and the left pulmonary artery was located. A 27-ga × 1-inch needle, bent to a 90°angle mid-way along its length, was scored and snapped off adjacent to the hub. The resulting blunt end was pressure-fit into a 30 cm length of Silastic Tubing (0.012-inch i.d., 0.037-inch o.d.) 4 filled with heparinized saline. The point of the needle was inserted into the left pulmonary artery, a 4-cm loop of the Silastic Tubing was coiled inside the thoracic inlet to provide strain relief during respiratory motion, and the thoracic inlet was sealed with stainless steel wound clips (Forman and Wideman, 2000) . The distal end of the Silastic Tubing was attached to a blood pressure transducer interfaced through a Transbrige preamplifier 5 to a Biopac MP100 data acquisition system using AcqKnowledge software. 6 The left brachial vein (wing vein) was cannulated with PE-50 polyethylene tubing for i.v. injections. Ongoing intravenous infusions were not administered. The left brachial artery was cannulated with PE-50 polyethylene tubing filled with heparinized saline, the cannula was advanced toward the descending aorta, and was attached to a blood pressure transducer for continuous monitoring of systemic arterial pressure. After surgical preparations were complete and a stabilization period of 10 min had elapsed, control data (pulmonary arterial pressure and systemic arterial pressure) were recorded for 10 min. A 23-ga needle attached to a 1-mL syringe was used to withdraw 0.8 mL of blood from the wing vein cannula, and then 0.25 mL of PBS was drawn into the same syringe and mixed with the blood. This mixture was re-injected through the wing vein cannula as a volume control, and volume control data were recorded for 20 min. Bacterial endotoxin (lipopolysaccharide from Salmonella typhimurium) 2 was dissolved at 4 mg/mL in PBS, stored at −80 C in sealed vials containing l mL aliquots, and thawed immediately prior to use. Blood (0.8 mL) was withdrawn from the wing vein cannula and mixed with 0.25 mL of the endotoxin solution. This bloodendotoxin mixture containing 1 mg endotoxin was reinjected, and data were recorded for 60 min, and then the experiment was terminated with a 10 mL i.v. injection of 0.1 M KCl. Each bird was necropsied, and the heart was dissected to obtain the right:total ventricular weight (RV:TV) ratio as an index of pulmonary hypertension (Wideman, 2000 (Wideman, , 2001 . The l-mg dose of endotoxin previously was shown to elicit a maximal pulmonary hypertensive response in broilers, and higher doses failed to further enhance the response .
Eight broilers were randomly taken from each group at 36-to 38-d of age (Floor group, 1,905 ± 76 g; Cage group, 1,856 ± 28 g; mean ± SE) for blood-gas analyses. Unanesthetized birds were fastened on a surgical board in lateral recumbency, with one wing outstretched to expose its ventral surface. Lidocaine (2%) was injected intracutaneously as a local anesthetic around the area of the right brachial artery. An incision was made and the right brachial artery was located and cannulated with 30 cm of PE-50 polyethylene tubing filled with heparinized saline. The cannula was secured in place with suture thread, the incision was closed with wound clips, and the free end of the cannula was sealed by a knot. The right brachial vein was cannulated in a similar fashion. The bird was placed in a basket, and a stabilization period of 10 min was allowed to elapse. While the bird was calm and at rest, a 1-mL arterial blood sample was withdrawn from the arterial cannula into a syringe. First the knot was cut off allowing systemic arterial pressure to push the saline out of the dead space in the cannula; then a 23-gauge needle attached to a 1-mL syringe was inserted into the cannula (dead spaces in the needle and syringe previously had been filled with heparinized saline), and 1 mL of blood was withdrawn anaerobically into the syringe. Within 1 min of collection, the blood sample was injected into a Radiometer ABL 330 Acid-Base Laboratory 7 (blood gas analyzer). The primary arterial blood values for pH, partial pressure of oxygen (P O2 , mm Hg), partial pressure of carbon dioxide (P CO2 , mm Hg), saturation of hemoglobin with oxygen (Hb O 2 saturation, %), and bicarbonate concentration (HCO 3 − , mM) were generated by the ABL 330 operating at a sample chamber temperature of 37 C, and were recalculated by the ABL 330 for a temperature of 41 C, which is the normal body temperature of domestic fowl (Fedde, 1986; Wideman et al., 1999b) . Then another 23-ga needle attached to a 1-mL syringe was used to withdraw 0.8 mL of blood from the venous cannula and mixed with 0.25 mL of the 4 mg/mL endotoxin solution 7
Radiometer America Inc., Westlake, OH. described above. This blood-endotoxin mixture containing 1 mg endotoxin was re-injected into the venous cannula, and the cannula was flushed with 0.5 mL heparin saline to rinse the endotoxin into the circulation. A knot again was tied to seal the free end of the venous cannula. At 30 min post-endotoxin-injection, a second 1 mL arterial blood sample was taken and analyzed for blood-gas values. At the end of the experiment, birds were euthanized with 10 mL of 0.1 M KCl, and the heart was removed, dissected, and weighed for calculation of RV:TV ratio.
Experiment 2
Male broilers 8 were raised in the Poultry Environmental Research Lab at the University of Arkansas Poultry Research Farm beginning on the day of hatch (8/14/01). Chicks of the Floor group (n = 40) were placed on fresh wood shavings litter in an environmental chamber (8 m 2 , two tube feeders and two bell waterers). Chicks in the Cage group (n = 40) were placed in a 12-cage stainless steel battery (three levels of four cages, cup-type automatic waterers and trough feeders) in an adjacent environmental chamber. Absorbent paper was placed under the wire of the cage floor to collect feces, down and dander materials, and the paper was changed every other day. Chicks in both chambers were reared as described in Experiment 1 regarding light schedule, temperature control, feed and water supplies.
At 37-and 38-d of age, 12 birds were randomly taken from each group (Floor group, 2,323 ± 58 g; Cage group, 2,215 ± 36 g; mean ± SE) and cannulated for arterial and venous blood-gas sampling as described in Experiment 1. Both the wing vein and the brachial artery were cannulated with 30 cm of PE-50 polyethylene tubing filled with heparinized saline, and the free ends of the cannulae were knotted. The bird was placed in a basket and after a stabilization period of 10 min had elapsed, arterial and venous blood samples were collected anaerobically. The knot was cut, allowing the blood pressure to push the saline from the dead space of the cannula, then a 23-gauge needle attached to a 1-mL syringe was used to withdraw the blood sample. Within 1 min of withdrawal, the arterial and venous samples were injected into the Radiometer ABL 330 Acid-Base Laboratory. At the end of the experiment, birds were euthanized with 10 mL of 0.1 M KCl and dissected to obtained RV:TV ratio.
Data Analysis
Experiment 1. The primary channels recorded by the Biopac MP100 data acquisition system included systemic arterial pressure in millimeters of mercury (mm Hg) and pulmonary arterial pressure (mm Hg). These data were averaged electronically during representative sample intervals at the start of data collection (Start), at 5 min intervals throughout the initial control period (C5, C10), within 1 min after injecting a volume control (V1), at 5-min intervals throughout the volume control period (V5, V10, etc.), within 1 min after injecting endotoxin (E1), at 5-min intervals after endotoxin injection (E5, E10, etc.), and during the maximum pulmonary arterial pressure response to endotoxin (Epk). Heart rate (beats/min) and respiratory rate (breaths/min) were obtained by counting respectively systolic peaks and inspiration peaks over time in the pulmonary arterial pressure recording coincident with each sample interval. The protocol used for data averaging accommodates the influences of pulse pressure and respiratory cycles on pulmonary and systemic arterial pressures (Wideman et al., 1996) . Data were analyzed within a group over time (across sample intervals) using the SigmaStat repeated measures analysis of variance procedure, and means were differentiated by the StudentNewman-Keuls method (Jandel Scientific, 1994) . Within a single sample interval across groups, the SigmaStat ttest was used to assess significant differences (P ≤ 0.05) between means.
The primary arterial blood-gas values generated by the ABL 330 were pH, P O2 , P CO2 , and HCO 3 − concentration prior to and 30 min post-endotoxin-injection. Hydrogen ion (H + ) concentration was calculated from the corresponding pH value. The SigmaStat(r) repeated measures analysis of variance procedure was used to evaluate differences of means within a group across time (prior to and 30 min post-endotoxin-injection). The SigmaStat ttest was used to compare means of different groups at a single time point (P ≤ 0.05).
Experiment 2. The SigmaStat two-way ANOVA was used to separate the effect of environment (Cage vs. Floor) and the effect of blood origin (artery vs. venous) on bloodgas values (pH, P O2 , P CO2 , H + , and HCO 3 − concentration), and means of the four treatment combinations were differentiated by the Student-Newman-Keuls method (P ≤ 0.05) (Jandel Scientific, 1994) .
RESULTS
Experiment 1
Pulmonary arterial pressure and mean systemic arterial pressure data for an individual broiler are shown in Figure 1 . The initial pulmonary arterial pressure averaged 25.5 mm Hg throughout the 10-min control period. Injecting 0.25 mL PBS (volume control) had no impact on pulmonary arterial pressure during the subsequent 20 min period. Injecting 1 mg endotoxin did not cause pulmonary arterial pressure to increase immediately; however pulmonary arterial pressure began to increase within 18-min post-endotoxin injection and reached a peak value of 34 mm Hg at 25 min post-injection. The pulmonary arterial pressure then subsided below the pre-injection level within 40 min post-endotoxin injection. The initial mean systemic arterial pressure throughout the 10-min control period averaged 94 mm Hg, and the 0.25 mL PBS slightly elevated the mean arterial pressure in this bird (by 3 mm Hg). Injecting 1 mg endotoxin caused a gradual decline in mean arterial pressure, reaching a value of 82 mm Hg at 40 min post-endotoxin injection. The initial pulmonary arterial pressure values as well as pulmonary hypertensive responses to endotoxin varied widely among individual birds in both the Cage and Floor groups (Figure 2 ). The initial pulmonary arterial pressure of individual broilers initially ranged from 17.5 to 27.5 mm Hg in the Cage group, and from 15.2 to 31.8 mm Hg in the Floor group. The overall values for the Cage and Floor groups initially averaged 22.1 ± 0.89 mm Hg and 23.5 ± 1.41 mm Hg (mean ± SE), respectively. Average values for the groups over the course of the experiment are shown in Figure 3 . The pulmonary arterial pressure in both groups remained unchanged throughout the volume control injection. Injecting 1 mg endotoxin elicited an increase in pulmonary arterial pressure that reached a peak between 20 to 25 min post-injection and then subsided below pre-injection values in both groups (Figure 3) . The peak value for pulmonary arterial pressure during the response to endotoxin was 30.2 ± 2.35 mm Hg (mean ± SE) in the Cage group and 33.1 ± 2.39 mm Hg (mean ± SE) in the Floor group. The pulmonary arterial pressure values for the two groups did not differ within any single sample interval throughout the experiment (Figure 3) .
The initial mean systemic arterial pressure was 104.0 ± 5.55 mm Hg in the Cage group, and 95.8 ± 4.56 mm Hg (mean ± SE) in the Floor group (Figure 3) . The mean systemic arterial pressures in both groups were not affected by the volume control injection. Endotoxin caused the mean systemic arterial pressure to decline to lower values within 30 min post-injection in the Cage group and within 35 min in the Floor group. At the end of the experiment, the mean systemic arterial pressures for the two groups were 77.4 ± 3.11 mm Hg and 75.0 ± 3.44 mm Hg (mean ± SE), respectively. The mean systemic arterial pressure values for the two groups did not differ within any single sample interval throughout the experiment (Figure 3) . at the start of data collection (Start), at 5-min intervals during the control period (C5, C10), within 1 min after injecting the volume control (V1), at 5-min intervals during the volume control period (V5 to V20), within 1 min after the 1 mg endotoxin injection (E1), at 5-min intervals after endotoxin injection (E5 to E60), and during the maximum pulmonary arterial pressure response to endotoxin (Epk).
The initial respiratory rates of the Cage group and the Floor group were 76.2 ± 4.34 breaths/min and 72.7 ± 3.22 breaths/min ( mean ± SE), respectively. Respiratory rates in both groups were not affected either by volume control injection or by 1 mg endotoxin injection, and they did not differ from each other within any single sample interval throughout the experiment (Figure 3) .
During the initial control period, the heart rate averaged 356 beats/min in both groups. The volume control injection did not affect heart rate in either group. The endotoxin injection caused the heart rate of the Floor group to fluctuate over time: First, it increased to a higher value (369 beats/min) by 10 min post-injection; then it subsided to a value (342.2 beats/min) lower than the preinjection values at 25 min post-injection, and finally it returned to the pre-injection levels and it remained there until the end of the experiment. The heart rate of the Cage FIGURE 3. Experiment 1: Pulmonary arterial pressure (PAP, the top panel), mean systemic arterial pressure (MAP, the second panel), respiratory rate (the third panel) and heart rate (the bottom panel) for male broilers in the Cage group (5-wk-old, mean ± SEM, n = 11) and Floor group (5-wk-old, mean ± SEM, n = 11) at the start of data collection (Start), at 5-min intervals during the control period (C5, C10), within 1 min after injecting the volume control (V1), at 5-min intervals during the volume control period (V5 to V20), within 1 min after the 1 mg endotoxin injection (E1), at 5-min intervals after endotoxin injection (E5 to E60), and during the maximum pulmonary arterial pressure response to the 1 mg endotoxin (Epk). Asterisks (*) denote values that differ from all three pre-endotoxin injection values (V10, V15, V20) within a treatment group (P ≤ 0.05). Throughout the experiment, the PAP, MAP, respiratory rate, and heart rate values did not differ between the Cage and Floor groups for any sample interval examined (P > 0.05).
group declined in response to endotoxin injection and was lower than pre-injection levels during three postinjection time intervals that were at 30 min, 55 min, and 60 min post-injection, respectively. The heart rates of the two groups did not differ from each other within any single sample interval throughout the experiment (Figure 3) .
Prior to and 30 min subsequent to endotoxin injection, the blood-gas values of the Cage group differed from those of the Floor group in that the Cage group had lower arterial P CO2 and lower arterial HCO 3 − concentration (Figure 4) . P O2 , H + concentration and Hb O 2 saturation in arterial blood were not different between the two groups before endotoxin-injection or at 30 min post-endotoxininjection. Endotoxin did not change the blood-gas values in either group, with the sole exception that the arterial HCO 3 − concentration declined in the Cage group (P < 0.05, Figure 4 ). The RV:TV ratio was 0.21 ± 0.01 (mean ± SEM, n = 19) for the Cage group and 0.21 ± 0.01 (mean ± SEM, n = 19) for the Floor group (NS).
Experiment 2
Compared with the Floor group, the Cage group had higher P O2 in arterial blood, and a lower P CO2 and HCO 3 − concentration in both arterial and venous blood ( Figure  5 ). The Hb O 2 saturation and H + concentration in arterial and venous blood did not differ between the two groups. Within each group, the venous blood was lower in P O2 and Hb O 2 saturation, and higher in H + concentration and P CO2 when compared with arterial blood. The HCO 3 − concentration did not differ between venous and arterial blood within either group ( Figure 5 ). The Floor group had a higher RV:TV ratio (0.27 ± 0.01; mean ± SEM, n = 12) than the Cage group (0.22 ± 0.01; mean ± SEM, n = 12) in Experiment 2 (P < 0.05).
DISCUSSION
Several pieces of evidence indicated that respiratory microorganism can trigger a pulmonary inflammatory response that renders broilers more susceptible to PHS (Julian and Goryo, 1990; Tottori et al., 1997; Yamaguchi et al., 2000) . It has been shown that respirable dust concentrations and numbers of airborne microorganisms were higher in broiler houses using floor litter than in broiler houses using netting-type floors (Madelin and Wathes, 1989) , and microbial contamination of the air increases in proportion to the rearing density of birds (Petkov and Tsutsumanski, 1975) . Experiment 1 of the current study was designed to expose the Cage group to a lower level of respiratory challenge than the Floor group by having a lower rearing density of birds in the Cage group and by the daily removal of fecal and dander material from the Cage environment. Prior to the injection of endotoxin, the pulmonary arterial pressures recorded in Experiment 1 varied widely among individual birds in both the Cage group and the Floor group (Figure 2) . On average, the pulmonary arterial pressure of the Floor group was not higher than that of the Cage group (Figure 3) , which indicates that dust, microorganism, and ammonia in the Floor environment contributed little to the development of pulmonary hypertension. The right ventricular weight ratio (RV:TV) of the Floor group was higher than that of the Cage group in Experiment 2 (P < 0.05) but not in Experiment 1, and RV: TV ratios ≤ 0.27 are not indicative − concentration (the fourth panel), H + concentration (the bottom panel) in the arterial blood of the Cage (6-wk-old, mean ± SEM, n = 8) and Floor groups (6-wk-old, mean ± SEM, n = 8) prior to and 30 min post-endotoxin (E)-injection. Letters (a, b) designate differences (P ≤ 0.05) between groups within a sample interval (time point). Asterisks (*) denote the value that differs (P ≤ 0.05) from the pre-injection value within a group. of pulmonary hypertension (Wideman 2000 (Wideman , 2001 . In previous studies, broilers kept in dusty and poorly ventilated houses containing re-used litter were observed to suffer a higher level of oxidative stress than birds maintained under clean conditions, as indicated by higher ratio of oxidized glutathione (an antioxidant) to total glutathione in the lung lining fluid (Bottje et al., 1998) . It was proposed that oxidative stress renders the endothelium of blood vessels more vulnerable to free radical attack and causes endothelium-induced vasoconstriction. Alternatively, airborne dust and microorganism can trigger inflammatory responses in the lungs, through which substances such as endothelin-1, thromboxane, and serotonin released locally from thrombocytes and endothelium can cause vasoconstriction and pulmonary hypertension. (Bottje and Wideman, 1995; Bottje et al., 1998; Wideman, 2000) . Specific evidence of pulmonary hypertension induced by the Floor environment was not detected in the present study, perhaps because fresh litter and normal ventilation rates were used from the beginning of the experiment.
In Experiment 1, broilers in the Floor group were reared at a higher density than broilers in the Cage group, whereas both groups were reared at the same densities in Experiment 2. Regardless of rearing density, in both experiments the Floor group had a higher P CO2 and HCO 3 − concentration in arterial blood than the Cage group. In Experiment 2, the Floor group also had a lower arterial P O2 than the Cage group. These differences demonstrate an environmentally mediated deterioration of pulmonary gas exchange in broilers reared on floor litter, when compared with those reared in clean cages. This impairment in gas exchange in broilers reared on floor litter appeared to be caused by the floor litter environment rather than the level of respiratory challenge related to the rearing density of birds. The cause of CO 2 retention in broilers reared on the floor is not clear. However, it is known that CO 2 retention can contribute directly to pulmonary vasoconstriction and central venous congestion in broilers (Wideman et al., 1999b) , and CO 2 retention and systemic arterial hypoxemia are indicative of the earliest stages in the pathogenesis of ascites . In Experiment 2 of the present study, the Floor and Cage groups were reared under the same densities, and in both experiments the ventilation rate (100 CFM) should be more than adequate to maintain a low atmospheric P CO2 in both environmental chambers. Furthermore, removing the broilers from the floor pen during the insertion of the arterial and venous cannulae, and during subsequent sampling, failed to normalize their P CO2 levels. Accordingly it is unlikely that the CO 2 retention by broilers reared on the floor can be attributed to high CO 2 levels in the ambient air near the floor litter.
Intrapulmonary CO 2 chemoreceptors (CO 2 -sensitive pulmonary afferent neurons) and extrapulmonary afferents (systemic CO 2 -sensitive chemoreceptors) interact in ventilatory control in birds (Adamson et al., 1994; Osborne et al., 1977) . Several experiments have suggested that intrapulmonary and extrapulmonary CO 2 chemore-ceptors have approximately equivalent controlling influences on ventilatory movements, although the influences of the two are not additive (Burger and Estavillo, 1978; Barnas and Burger, 1985; Adamson et al., 1994) . Other experiments indicate that intrapulmonary CO 2 chemoreflexes dominate the control of ventilation during hypocapnic conditions (low CO 2 in arterial blood) (Osborne et al., 1977; Boon et al., 1980) , whereas extrapulmonary CO 2 chemoreceptors dominate during hypercapnic conditions (high CO 2 in arterial blood) (Osborne et al., 1977) . Functional localization studies suggest that the intrapulmonary CO 2 chemoreceptors are located within the gasexchange areas of the lung (Scheid et al., 1974; Nye and Burger, 1978) . These receptors were shown to detect the rate of CO 2 delivery to the lung by venous blood or by ventilatory gas, and they initiate a ventilatory change appropriate to minimize alterations in PCO 2 of arterial blood (Banzett and Burger, 1977; Fedde et al., 1982) . Studies on chickens demonstrated that increased CO 2 delivery to the lungs resulted in increases in respiratory amplitude (or tidal volume) and minute ventilation, and a decrease in respiratory frequency (Osborne et al., 1977; Tallman and Grodins, 1982) . In more recent studies using broiler chickens reared on floor litter, inhalation of 5% CO 2 failed to alter the respiratory rate (Wideman et al., 1999b ). In the current study, several mechanisms might account for the higher arterial partial pressure of CO 2 observed in birds of the Floor group. First, dust, ammonia, and microorganisms may have caused oxidative stress and/or an inflammatory response in the lung parenchyma, which then limited CO 2 diffusion across the gas-exchange barrier and resulted in CO 2 retention. In turn, intrapulmonary CO 2 chemoreceptors would sense the elevated CO 2 and trigger an increase in respiratory amplitude and reduction in respiratory frequency (P > 0.05) for broilers reared on the floor (Figure 3 ). Evidently the pulmonary chemoreflex did not adjust ventilation sufficiently to restore partial pressure of CO 2 in arterial blood to the level of the Cage group. Alternatively, the intrapulmonary CO 2 chemoreceptors might be desensitized by the floor environment and thus fail to initiate an adjustment of ventilation sufficient to lower CO 2 retention in the blood. For example, it has been reported that the sensitivity of intrapulmonary CO 2 chemoreceptors can be depressed by disturbances of acid-base balance (Adamson and Burger, 1986) .
The injection of 1 mg endotoxin elicited a 15-min-delayed onset pulmonary hypertension in both the Floor and Cage groups, and the overall pulmonary hemodynamic responses to endotoxin were similar in the two groups (Figure 3 ). Previous research demonstrated that the transient pulmonary hypertension triggered by endotoxin is due to pulmonary vasoconstriction in response to an endotoxin-mediated cascade . Broilers in both the Floor and Cage groups exhibited considerable individual variability in the time of onset, amplitude, and duration of pulmonary hypertensive responses to endotoxin (Figure 2) . A previous experiment using broilers primed with cellulose showed that intrapulmonary focal inflammations triggered by nonpathogenic cellulose did not change the variability among individual birds in their responses to endotoxin (Wang et al., 2002) . These results suggest that such variability might be inherited. Based on studies in mammals, it was proposed that intravenous endotoxin quickly activates the complement system through the lectin pathway (Shibazaki et al., 1999; Kawabata et al., 2000; Endo et al., 2001 ). The activated complement system causes platelet aggregation in the lungs within 10 min post-injection followed by platelet degradation and the release of vasoconstrictive components (serotonin, thromboxane) that cause pulmonary hypertension (Shibazaki et al., 1999; Kawabata et al., 2000; Endo et al., 2001) . Rapid falls in blood platelet concentration in response to intravenous injections of endotoxin were reported in cats, rabbits, dogs, and guinea pigs (Kitzmiller et al., 1972; Brown and Lachmann, 1973; Kane et al., 1973; Carner et al., 1974) . Studies on guinea pigs indicated that intravenous endotoxin caused 40% reduction of complement proteins in serum around 30 min post injection (Sehic et al., 1998) . Complement activity via the lectin pathway involves mannose-binding lectin (MBL, also denoted mannose-binding protein or mannanbinding protein) which binds endotoxin on its lectin domain and its collagen-like domain is involved in the activation of the complements. MBL was first found in mammals and recently in birds. Chicken MBL shows an overall structure similar to mammalian MBL (Laursen et al., 1995 and 1998a) . Ontogenetic studies demonstrated that chicken serum MBL level is hereditarily influenced (Laursen et al., 1998b) . Genetic diversities in the complement proteins and their regulators have been found to dominate the activity of the complement system (Demant et al., 1973; Goldman and Goldman, 1976; Shreffler, 1976; Hourcade et al., 1990; Blanchong et al., 2001) . The variation in the hypertensive response to endotoxin among individual birds in the current study may be related to variation in serum MBL level and levels of reacting components of the complement system among the broilers.
In conclusion, broilers reared on the floor exhibited impaired pulmonary gas exchange as reflected by an increased arterial partial pressure of CO 2 when compared with broilers reared in clean stainless steel cages. The contamination in the air (dust, microorganism, endotoxin, and/or ammonia) of broiler houses may increase the incidence of pulmonary hypertension syndrome in susceptible broilers by posing a higher respiratory challenge to the lungs. Nevertheless, the birds reared on the floor in the present study did not exhibit more enhanced or less variable pulmonary hypertensive responses to endotoxin than birds grown in clean stainless steel cages. The variation in hypertensive responses to endotoxin among individual birds might be inherited, and further studies will be needed to determine whether this variability is related to the variable susceptibility of individual broilers to PHS. award from the Agricultural Experiment Station of the University of Arkansas Division of Agriculture.
